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INTRODUCTION
In 2005, the Ocular Response Analyzer (ORA; Reichert Technologies, Depew, New York) was launched as the first commercial device claiming to provide in vivo measurements of corneal biomechanics (1) . It utilizes a dynamic bi-directional applanation process in which two applanation pressure measurements are recorded: the first, while the cornea is moving inward (P1); and the second, while the cornea returns (2) . The primary output measurements, derived from the air puff re corded pressure during the first and second applanations, are Goldmann-correlated intraocular pressure (IOPg), defined as the ave rage between P1 and P2; corneal hysteresis (CH), defined as the difference between P1 and P2; corneal resistance factor (CRF), which includes a constant factor designed to optimize the correlation with central corneal thickness (CCT); and corneal compensated intraocular pressure (IOPcc), which includes a constant based on CRF for cor relation with CCT (2) . Further information about the corneal response is provided by infrared waveform signal analysis, which corresponds to the deformation movement of the cornea caused by the air puff (3) . These novel ORA waveform-derived biomechanical parameters to distinguish normal from keratoconic eyes parameters based on a complex analysis of the waveform signal were thought to improve sensitivity and specificity for distinguishing normal and keratoconic corneas (2) (3) (4) (5) . Kerautret et al., reported a case that demonstrated the importance of ORA waveform signal analysis in the evaluation of LASIKin duced ectasia compared with a stable post-LASIK cornea with a similar CH value (6) . Parameters from the waveform signal have been studied for sta ging the severity of keratoconus (7) . In addition, changes after myo pic LASIK and the estimated elasticity coefficient of the cornea were evaluated using waveform signal parameters (8, 9) . Although CH and CRF were found to be unchanged after corneal crosslinking (CXL) (10, 11) , waveform-derived parameters were significantly changed after CXL (3, 12) . In a previous study (13) , our group reported lower values for keratoconic eyes with normal central corneal thickness. Many other studies by different investigators have also found lower values for keratoconus (14) (15) (16) , by testing only the traditional ocular biomechanical metrics pressure-derived parameters CH and CRF.
This study was conducted to evaluate pressure-derived parameters (CH, CRF, IOPg, and IOPcc) and 37 novel parameters derived from the waveform signal of the ORA with regard to their ability to distinguish normal from keratoconic eyes.
METHODS
The study constituted a comparative case series. The retrospective study involved 112 patients with normal corneas and 41 patients with bilateral keratoconus; one eye from each subject was randomly selected. The research followed the tenets of the Declaration of Helsinki and was approved by the ethics committee of the Federal University of São Paulo, Brazil (protocol 1210/10).
Patients examined at the Instituto de Olhos Renato Ambrósio (Rio de Janeiro, Brazil) were retrospectively enrolled. Patients were selected from a database of patients with normal corneas who were candidates for refractive surgery and from a database of cases diagnosed as having keratoconus in both eyes.
All eyes were examined by a fellowship-trained cornea and refractive surgeon (R.A.). Along with a comprehensive ocular examination, all eyes were examined by Placido disk-based corneal topography (Atlas Corneal Topography System; Humphrey, San Leandro, CA) and rotating Scheimpflug corneal tomography (Pentacam HR; Oculus, Wetzlar, Germany). The diagnosis of keratoconus was made based on clinical data, including Placido disk-based axial topography corneal curvature maps (17) ; criteria used in the Collaborative Longitudinal Evaluation of Keratoconus study (18) ; and Pentacam corneal tomography (5) . Keratoconus cases with a history of corneal surgery or with extensive corneal scarring were excluded from the study.
The patients underwent clinical evaluation and testing with the ORA during the same visit. All measurements were obtained between 8 AM and 6 PM. At least two consecutive measurements were performed, and the best waveform score (WS) from each patient was included in the analysis.
The ORA determines corneal biomechanical properties by using an applied force displacement relationship, as described previously (1, (14) (15) (16) . Briefly, a precisely metered air pulse is delivered to the eye, causing the cornea to move inward, past applanation, and into slight concavity. Milliseconds after the initial applanation, the air pump generating the air pulse is shut off, and the pressure applied to the eye decreases in an inverse-time, symmetrical fashion. As the pressure decreases, the cornea passes through a second applanated state while returning from concavity to its normal convex curvature. Energy absorption during rapid corneal deformation delays the occurrence of the inward and outward applanation signal peaks, resulting in a difference between the applanation pressures. The difference between these inward and outward motion applanation pressures is the CH, which indicates viscous damping in the cornea and reflects the capacity of corneal tissue to absorb and dissipate energy. CRF is a measure of the cumulative effects of both the viscous and elastic resistance encountered by the air jet while deforming the corneal surface; it is an indicator of the overall resistance of the cornea. The CRF was derived empirically to maximize its correlation with the central corneal thickness (19) . It can be considered as weighted by the elastic resistance, because of its stronger correlation with the central corneal thickness than with CH. Although CH and CRF are related, they can differ significantly in some cases, and each provides distinct information about the cornea.
Using the new ORA software (version 2.04), the 37 new parameters described in table 1 were calculated based on the waveform of the ORA signal. Statistical analyses were performed using BioEstat 5.0 (Instituto Mamirauá, Amazonas, Brazil) and Med-Calc 11.1 (MedCalc Software, Mariakerke, Belgium). The nonparametric Mann-Whitney U test (Wilcoxon rank sum test) was used to assess variable distributions between the keratoconic and normal cornea groups.
Receiver operating characteristic (ROC) curves and the areas under the ROC curves (AUROCs) were calculated for all parameters to determine the test's overall predictive accuracy. The standard error of the AUROC was assessed with the DeLong method (20) . The binomial exact method was used to calculate the confidence interval (CI) for the AUROC. Nonparametric pairwise comparisons were performed to determine the significance of differences between AUROCs, using the Hanley-McNeil method for calculating the standard error (21) . Values of P<0.05 indicated statistical significance.
RESULTS
Single eyes randomly selected from the 112 patients with normal unoperated eyes and 41 patients with bilateral keratoconus were enrolled. In the normal and keratoconic groups, the average patient ages were 39.0 ± 17.9 years (range: 12.0 to 78.1 years) and 30. The AUROC was greater than 0.85 for 11 parameters, including CH (0.852) and CRF (0.895). The parameters related to the area of the waveform during the second and first applanations had the best performances, with AUROCs of 0.939 and 0.929 for p2area and p1area, respectively ( Table 3 ). The AUROCs for p2area, p1area, and CRF were significantly greater than the AUROC for CH. Table 4 summarizes the pairwise comparisons of ROC curves for the 11 parameters with AUROCs >0.85.
DISCUSSION
The identification of keratoconus and related conditions when screening refractive candidates is of particularly high clinical importance because failure to identify these cases is considered to be the main cause of ectasia after LASIK (5, 22, 23) . This study analyzed 37 novel waveform signal parameters using the ORA 2.04 software and demonstrated that the classic CH and CRF pressure parameters might not be used to distinguish normal eyes from those with keratoconus, as significant overlap is present.
The keratoconic cornea has a conical curvature with three characteristic features: thinning of the corneal stroma with folding artifacts, breaks in the Bowman's layer due to a weak collagen fiber network and deposition of iron in the basal layers of the corneal epithelium. Additional structural changes may also be observed depending on the severity of the disease (24) . A decrease in the number of collagen lamellae concomitant with an increase in the ground substance (proteoglycans) is frequently observed in the stroma (25) . Loss of collagen fibrils in the stroma has been linked to proteolytic enzymes or decreased levels of proteinase inhibitors such as corneal α1 inhibitor and α2 macroglobulin (26) . Keratoconic eyes have low tensile strength, thinning, and protrusion (27) . Lower resistance to deformation is attributable not only to thinning but also to the presence of more fragile corneal stromal collagen fibrils in keratoconic eyes than in normal eyes (13) . Thus, reduced central corneal thickness is only part of the screening process for keratoconus identification. Previous studies (22, 28) have demonstrated that biomechanical pressure metrics are significantly lower in keratoconus corneas than in normal corneas.
Data presented by Fry and David Luce (7) suggested that waveform parameters provided from the ORA signal may be more sen sitive than the pressure parameters CH and CRF in identifying abnormal corneas. CH and CRF had different distributions between normal and keratoconic corneas in the present study. Nevertheless, significant overlap was noted and even for the new parameters in the present study, no cutoff value with high sensitivity and specificity could be established for the differentiation of keratoconus and The AUROC was greater than 0.85 for 11 parameters. The parameters related to the area of the waveform during the second and first applanations had the best performances.
healthy corneas. The AUROCs for p2area and p1area were significantly higher than those for CH and CRF (Table 4) . Both p1area and p2area are proportional to the time required to change from the convex to the concave cornea configuration and vice versa. Small values of p1area and p2area represent rapid change and indicate that the cornea shows less damping (4) . The AUROCs for p2area, p1area, and CRF were significantly greater than the AUROC for CH.
The p2area and p1area were superior to CRF and CH, with AUROCs greater than those for CRF and CH Figure 4 . Combined receiver operating curves for CH, CRF, P2area, P1area and P2area1.
The pressure parameters CRF and CH were significant different, as groups, between keratoconus and normal eyes in the present study, with CRF being superior to CH. The importance of CRF compared with CH is consistent with previous findings suggesting that CRF best correlates with optical aberrations in keratoconic eyes (29) . However, in the present study, p2area and p1area were superior to CRF and CH, with AUROCs greater than those for CRF and CH (Table 3 and Figure  4 ). Yet, biomechanical data should not be used as the solo criteria in the diagnosis or screening of keratoconus since corneal curvature (given by Placido disk or corneal tomography elevation technologies) study remains the gold standard.
Further studies are necessary to integrate the parameters derived from the waveform signal with artificial intelligence techniques for detecting corneal curvature characteristics of keratoconus. These sensitive techniques will be useful for detecting milder forms of ectasia when assessing the risk for ectasia after LASIK.
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